We have derived a general formula for sensitivity optimization of gravimetric sensors and use it to design a high sensitivity gravimetric sensor using unidirectional carbon fiber epoxy composite (CFEC) guiding layer on (1-x)Pb(Mg 1/3 Nb 2/3 )O 3 -xPbTiO 3 Love-mode acoustic wave sensors have been employed in liquids and gases for biochemical applications and gas contamination detections. 1, 2 It is known that Love waves exist only when a thin layer is attached on a substrate, and the velocity of the shear wave in the layer must be slower than that in the substrate. 3 At present, almost all Love wave devices use ST-quartz as the substrate material. [1] [2] [3] [4] [5] [6] By analyzing the gravimetric sensors made of fused quartz, polymethylmethacrylate (PMMA), SiO 2 , ZnO, etc., as the waveguide layers, a general guideline for improving the device sensitivity has been summarized: the waveguide material should have low shear velocity, low density, and low acoustic attenuation. 7, 8 In a Love mode device, insertion loss can be reduced by selecting a substrate with larger electromechanical coupling coefficient. 9 In recent years, a new generation of relaxor-PT piezoelectric single crystal materials have been developed, including Pb(Mg 1/3 Nb 2/3 )O 3 -xPbTiO 3 (PMN-xPT) single crystals, whose piezoelectric effect is five times as high as that of Pb(Ti,Zr)O 3 (PZT) piezoelectric ceramics and their electromechanical coupling factors is better than 90%. 10 In particular, the electromechanical coupling coefficient k 32 of [011] c poled PMN-0.29PT single crystal reached as high as 94% and the piezoelectric constant d 32 reaches À1883 pC/N at room temperature. 11 The PMN-xPT single crystals possess high electromechanical coefficients, which help enhance the efficiency of converting electrical energy into mechanical energy (and vice versa). Hence, the sensor performance can be improved due to the increase of the efficiency. It is expected that gravimetric sensor made of PMN-PT single crystal substrate can offer high sensitivity due to the confinement of the acoustic energy to the sensing surface. In order to design higher sensitivity gravimetric sensors, it is important to know the optimal design parameters in a specific sensor configuration.
Partial wave theory is the most commonly used method for analyzing acoustic wave propagation in anisotropic materials. [12] [13] [14] [15] In this work, we have derived the dispersion relation of Love wave by employing partial wave theory for a specific sensor structure using PMN-xPT (x ¼ 0. 
where q is the density, c ijkl is the elastic stiffness tensor component at constant electric field, e kij is the piezoelectric coefficient tensor component at constant strain, and e ik is the dielectric permittivity tensor component at constant strain. The particle displacements and the electric potential in the media can be written as
where v is the phase velocity, k is the magnitude of wave vector k, b is the decay coefficient along x 3 , a's give the relative amplitudes. Since the guiding layer thickness h is finite and the substrate is considered infinite half-space (assumed that the thickness of substrate is much greater than the wavelength), the general solution of the displacements and the electric potential can be written as 
where C n and C m are weighting factors of these partial waves in the guiding layer and substrate, respectively. The symbols marked with '^' are parameters of the waveguide layer to distinguish them from that of piezoelectric substrate. At the surface (x 3 ¼ h) of the basic structure, the traction must vanish. The particle displacements and the three components of stress tensor must be continuous across the interface (x 3 ¼ 0) assuming no slippery interface. The electrical boundary conditions involve the continuity of the electric potential and the normal component of the electric displacement across both the surface and the interface. In the coordinate system shown in Fig. 1 , the boundary conditions of the problem are as follows:
The traction stresses are expressed by
and the normal component of the electric displacement is given by
When being poled along [001] c , the PMN-xPT single crystal has a 4 mm macroscopic symmetry, 17, 18 20, 21 Although the theoretical maximum sensitivity of a Love-mode sensor with a PMMA guiding layer can reach a very high value, the design thickness is not practical because the PMMA material is very lossy. 7, 8 Hence, we must search for a waveguide material with a low acoustic absorption. The CFEC provides acoustic impedance comparable to that of aluminum, so that CFEC with the fibers parallel to the x 1 -axis is a good choice for the waveguide layer. In order for the CFEC-on-PMN-xPT structure to fit the NP53 symmetry, 16 Table I and Refs. 11, 17-20 into Eq. (1) and using Eqs. (3)- (6), we can derive the related dispersion relation of Love waves 
In practical sensor configuration, a thin mass layer (density q 3 , shear modulus l 3 , shear velocity v S3 , and thickness d) is loaded on the surface of the guiding layer. Based on the perturbation theory, 23 the relative frequency sensitivity definition for a gravimetric sensor is given by
where Df ¼ f À f 0 , f and f 0 are the oscillation frequencies for perturbed and unperturbed cases, respectively, Dm s is the mass per unit area, and CðhÞ is given by 
When the Rayleigh hypothesis is applicable, i.e., when the elasticity of the mass-loading layer can be ignored ðv 2 S3 ¼ l 3 =q 3 ¼ 0Þ; the sensitivity formula can be simplified to
Substituting Eq. (8) into Eq. (10) and then into Eq. (11) gives the sensitivity equation
; (12) with
The 2 =gÞ; which is the highest sensitivity achieved up to date (see Table II ). Table III , which revealed that the maximum sensitivity ðjS From Fig. 4 ; lower density, and higher shear velocity, in order to maximize the sensitivity of the gravimetric sensor. We found that the normalized maximum sensitivity ðjS f m jkÞ max increases with the decrease of (h/k) opt . From the dispersion curve for the first order mode, we found that the velocity increases with the decrease of h/k as shown in Fig. 2 . Because these PMN-PT single crystals have almost equal density, the one with larger c E 66 possess higher shear wave velocity. Therefore, among these crystals, the velocity value at the optimal design has an increasing tendency with decreasing (h/k) opt as shown in Table III . Obviously, the frequency values at the optimal point have the same tendency for a fixed wavelength (e.g., 24 lm). While for a given thickness h the sensitivity can be raised by increasing the operation frequency in a specified sensor configuration, 3 so the increasing trend of ðjS f m jkÞ max listed in Table III is due to the increase of operation frequency. Since the unidirectional CFEC can be fabricated by different carbon proportions, one may use this advantage to optimize the density and elastic constants for improving the performance of the sensor. Therefore, the CFEC is a very promising waveguide material and the high electromechanical coupling factor makes PMN-PT single crystals, particularly [011] c poled PMN-PT single crystals, ideal for making the substrate. 
